Introduction
In the hypoxemic patient under mechanical ventilation, changes in cardiac output may influence the level of arterial oxygenation, with several and sometimes opposite effects. The purpose of this Physiological Note is to give the reader the physiological background to understand these effects, which are often highly relevant for the bedside management of patients with acute lung injury.
In the healthy lung, the venous blood returning to the right heart and flowing through the pulmonary artery to the pulmonary capillaries will be fully saturated by oxygen during the passage through the alveolar part of the capillary. The prerequisite for complete saturation of hemoglobin with oxygen is sufficiently high oxygen partial pressure in the alveoli. Complete saturation is approached if the alveolar partial pressure of oxygen exceeds 13.3 kPa (100 mmHg). This prerequisite is achieved during normoventilation of ambient air with normal lungs at the sea level. Hypoventilation (increased alveolar CO 2 ) and decrease in barometric pressure (increased altitude) both reduce the alveolar PO 2 -an effect which can be readily counteracted by increasing the inspired fraction of oxygen. The degree of hypoxemia in these circumstances can be predicted from the PO 2 of ideal alveolar gas and the oxyhemoglobin dissociation curve.
What does venous admixture measure?
Venous admixture is used to describe situations in which the oxygenation of the arterial blood is less than that expected for the pulmonary end-capillary blood (100%, if the alveolar partial pressure of oxygen exceeds 13.3 kPa). Venous admixture is the calculated amount of mixed venous blood needed to bypass the alveoli and mix with the arterial blood to produce the observed degree of arterial hypoxemia. In other words, venous admixture represents the calculated fraction of cardiac output completely bypassing oxygenation in the lung if the rest of the cardiac output is fully oxygenated (assumed to be the case in the absence of inspired gas hypoxia) [1] . A pulmonary artery catheter is necessary to obtain true mixed venous blood.
The venous admixture (Qs/Qt) can be calculated as
where CcO 2 is the pulmonary venous capillary oxygen content in the ideal (i.e., normally ventilated and perfused) alveoli, and CaO 2 and CvO 2 are the arterial and mixed venous oxygen content, respectively. For the ideal alveoli, CcO 2 = Hgb (hemoglobin; g/l) × 1.34 + 0.2325 × alveolar PO 2 (kPa), assuming 100% saturation of the pulmonary and capillary blood. Apart from hypoventilation, increased venous admixture or physiologic intrapulmonary shunt is the most in Intensive Care, DOI 10.1007/978-3-642-28270-6_16, © Springer-Verlag Berlin Heidelberg 2012 common cause of hypoxemia in critically ill patients. In this paper, "venous admixture" and "physiologic shunt" are used interchangeably. The term "physiologic shunt" should not be confused with the presence of slight venous admixture in the normal lungs (around or below 5%); the venous admixture in the normal lungs results from venous blood flow through the thebesian veins (cardiac venous effluent directly into the left heart) and the deep true bronchial veins (into the pulmonary veins), and from the presence of a small amount of ventilation/perfusion mismatch.
What causes increased venous admixture?
Venous admixture can be caused by true shunt (blood flow through alveoli that are not ventilated at all, i.e., alveoli with a ventilation/perfusion = 0), and by ventilation/perfusion mismatch (alveoli with a low ventilation/perfusion). For further information on the concept of ventilation/perfusion matching see the Physiological Note by Calzia and Radermacher [2]. In the non-ventilated alveoli, oxygen will be transported to the capillary blood until the alveolar PO 2 approaches the mixed venous PO 2 . In the alveoli with low ventilation/perfusion, the amount of oxygen reaching the alveoli per unit of time is smaller than the amount needed to fully saturate the venous blood arriving at the alveolar capillary per unit of time. Hence, the alveolar PO 2 will decrease until the amount of oxygen reaching the alveoli through ventilation equals the amount transferred to the blood flowing through the alveoli (blood flow × arteriovenous oxygen content difference); the consequence of the low ventilation/perfusion is that only partly oxygenated blood will be mixed in the pulmonary venous blood. The calculation of venous admixture assumes that the mixed venous blood is either fully oxygenated or not oxygenated at all -hence, it cannot differentiate between true shunt and low ventilation/perfusion [3, 4] . It should be noted that hypoxemia due to diffusion problems also causes an increase in the calculated venous admixture, although no shunt or ventilation/perfusion mismatch would be present.
Venous admixture and interaction between mixed venous and arterial oxygenation
In the healthy lungs, arterial oxygenation is defined almost completely by the alveolar oxygen partial pressure. When venous admixture increases, mixed venous oxygenation will have a progressively larger impact on arterial oxygenation. This interaction can be interpreted using the Fick equation (Eq. 2) for oxygen consumption (VO 2 ) together with the equation for venous admixture (Eq. 1). The VO 2 can be calculated as the product of cardiac output (CO) and arterial-mixed venous oxygen content difference:
This can be rewritten as
or as
The equation for venous admixture (Eq. 1) can be rearranged and written as
Equations 3 and 4 can be combined to
and Eqs. 3 and 4 to
If the dissolved oxygen is ignored, Eqs. 5 and 6 can be written as
Equations 5 and 6 demonstrate that in the presence of increased venous admixture, arterial oxygenation (SaO 2 ) is directly related to cardiac output and hemoglobin, and inversely related to oxygen consumption. The effect of these variables on arterial oxygenation will be markedly magnified in the presence of large Qs/Qt [5] . These equations can be applied to demonstrate the interactions between venous admixture, arterial and mixed venous oxygenation, cardiac output, hemoglobin and oxygen consumption (Figs. 1, 2) .
Cardiac output and increased venous admixture
In the interactions between venous admixture, arterial oxygenation, and mixed venous oxygenation in the clinical setting, cardiac output has the largest variability. As shown in Fig. 1 , an infinite number of arterial and mixed venous saturation lines form two concave surfaces, as a function of cardiac output and venous admixture. These surfaces slope progressively downwards when cardiac output decreases and the venous admixture increases. An increase in oxygen consumption and a decrease in
